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NOMENCLATURE

3 .. . .
A ¢ coefficient of BEquation 13, also laminar flow length allowance

Equation 51 Section 4

Af planform area of fin(s)

AR fin aspect ratio (spanz/Af)

Aw wetted surface area

B 02 coefficient of Equation 13

b fin semi-span

C 01 coefficient of Eguation 13

CDi induced drag body lift coefficient
CDO drag coefficient based on frontal area
Ce skin friction coefficient

CL body lift coefficient

CLf fin lift coefficient

CP prismatic coefficient Equation 2

D magimum body diameter

d propeller diameter

Dy oo coefficient of Equation 13



HP

kl

body fineness ratio

PGG polynomial Equation 1c

PGG polynomial Equation 1d

net buoyancy force

PGG polynomial Egquation ie

acceleration of gravity

boundary layer shape factor, 6*/0

motor horsepower

motor current

moment of inertia (about y axis) of displaced water
vehicle moment of inertia about y axis
dimensionless moment of inertia

propeller advance ratio Equation 59

coefficient of accession (ellipsoid of revolution)
body curvature at Xn Equation 1i

dimensionless body curvature at X Equation 1g also coefficient of

accession Section 3

coefficient of accession (ellipsoid of revolution)



ml

Re

Re
X

Rextr

Res*

Re
tr

Re

propeller torque coefficient Equation 58
propeller thrust cocefficient Equation 57
thrust

overall body length

moment arcund y (pitch) axis

mass of vehicle

dimensionless moment around y axis
dimensionless mass of vehicle

propeller shaft speed

propeller pitch

propeller torgque

body radius

length Reynolds number (UmL/v)

U _x/v = ReL(x/L)

Rex at boundary layer transition
displacement thickness Reynolds number (Ueﬁ*/u)
Re at boundary layer transition

g

momentum thickness Reynolds number (Ueﬂ/v)



radius of curvature at nose Equation 1h

dimensionless nose radius Eguation 1f

surface arc length

propeller thrust

time (also thrust deduction Section 5)

boundary layer velocity (function of y)

propeller speed of advance

local velocity at boundary layer edge

freestream velocity (alsc vehicle speed)

wake fraction factor Equation 61

trailing edge angle (Bottaccini)

axial distance

nondimensional axial distance also axial distance for Section 3

see Equation 35

see Equation 35

axial location of center of pressure (hull only)

axial location of centroid of wolume

axial location of center of pressure of fin



Zl

g

De

axial distance from nose to cylindrical intersection

boundary layer coordinate normal to surface, also horizontal axis in

Section 3

force in z direction

vertical axis in Section 3
dimensionless force in z direction
metacentric distance

angle of attack of body

da/dt, rate of change of o
propeller canting angle

fin sweepback angle

boundary layer displacement thickness Egquation 7
stern plane deflection angle

motor efficiency Equation 66
propeller efficiency

boundary layer momentum thickness Equation 8, Section 2, also angle

from horizontal earth axis in Section 3
de/dt notational velocity Section 3

dze/dt2 angular acceleration Section 3



A Pohlhausen pressure gradient parameter

A pressure gradient parameter Equation 5

v kinematic viscosity

p water density

o5 i = 1,2,3 stability equation roots, Equation 13

Superscripts used in Section 3

' denctes dimensionless quantity

Subscripts used in Section 3

u,& denotes partial differential with respect to a or &

e,é, ¥ denotes partial differentiation with respect to 8, é, ]
f references to fins only

h references to body hull only



SECTION 1
INTRODUCTION

The development of the NOSC Free-Swimming Submersible has been undergoing
development at NOSC for several years, Basically the Free-Swimming Sub-
mersible is designed to be an untethered, unmanned submersible capable of
performing preprogrammed maneuvers without operator control. Heckman1 gives a
full description of the wvehicle design and performance as presently config-
ured, Figure 1, taken from Heckman, shows the vehicle in its present (1982)

configuration, Figure 2 shows the vehicle in the planned configuration.

This wvehicle is propelled by two motor-thruster units, rated at 1/4 HP
each, mounted at the rear of the vehicle. Propellers (7.5 inches diameter)
mounted in nozzles provide thrust. The thruster units are canted 15° from the
vehicle centerline; directiocnal control in the horizontal plane is achieved by
varying the thrust from each unit. This method allows turns to be made at
near zero forward speed, A third thruster, mounted vertically near the center
of the vehicle provides depth control, At present, the vehicle components
(frame, cameras, battery cannisters, etc.,) are all exposed to water flow,
giving the vehicle a large drag coefficient which limits top speed to about

1.8 knots.

To increase endurance at low speeds and increase top speed to about 5
knots, Code 9411 has designed a compact frame to enable the major components
of the submersible to be enclosed by a low drag fairing. This report de-
scribes the hydrodynamic design assistance provided by NOSC Code 6342, the

Fluid Mechanics and Materials Branch, in the design of that fairing.

1. Heckman, Paul J., Jr., Free-Swimming Submersible Testbed (EAVE WEST},
Naval Ocean Systems Center TR 622, September 1980,
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SECTION 2

NOSE AND TAIL SHAPE

To facilitate the installation of optical instruments (TV cameras, etc.},
the nose portion of the fairing is to be manufactured from clear acrylic.
The fairing portion of the wvehicle is free-flooded, hence depth pressure
forces on the nose are minimal. Since the gpeed of the vehicle is relatively
slow, low drag laminar boundary layer flow can be maintained over a major
portion of the forebody with a suitably designed nose. The major hydrodynamic
design constraint is that the nose must fair in smoothly with a cylindrical
midsection 19 inches in diameter, This type of nose configuration always
results in a local flow deceleration (adverse pressure gradient) near the
nose-cylinder point of tangency. Too strong an adverse pressure gradient will
cause laminar flow separation and subsequent transition to turbulent flow.
For the same flow conditions, a turbulent boundary layer flow has about seven
times greater skin friction than laminar flow; therefore, it obviously is

desirable to maintain as much laminar flow as possible.

Laminar boundary layer calculations were performed for 10 different nose
shapes (characteristics shown in Table 1). The noses labeled PGG in Table 1
are described by an analytical expression for noseshape developed by Parsons,

2 . .
Goodson and Goldschmied . This expression 1is

R(X)/L = 1/(2£) (2, F, (x) + Kk F(x) + a(x)1'/? (1a)
where 0 < X < X
- = "m
and
X = X/X_ (1b)
3 .
F1(x) = -2x{x~-1) (1c)

2, Parsons, J. S., Goodson, R. E. and Goldschmied, F. R., Shaping of Axisym-
metric Bodies for Minimum Drag in Incompressible Flow, J. of Hydronautics Vol.
8, No. 3, July 1974, pp. 100-107.

11



Description Radius, Rn NOSE

{equation) x=0 | Length, X Comments
Hemisphere R R severe separation
max max
2:1 Ellipse {(1/2)R 2R separation
max max
4:1 Ellipse (1/4)R 4R no separation, but
max max
extremely long nose
PGG (2/7)R 3R near separation H  =3.3
max max max
PGG R 2R separation
max max
PGG (4/7)1R 3R good H =2.99
max max max
PGG (6/7)R 3R separation
max max
PGG (4/7)R 2.5R near separation H =3.4
max max max
PGG (3/7)R 3R fair H =3.1
max max max
PGG (1/2)R 3R good H =3.01
max max max

Table 1. NOSC shape characteristics.

12



Fz(x) = -xz(x——ﬂ2 {14d)

G(x) = x2(3x%-8%+6) (1e)

r_ = (4X_/D%)Rn (1£)
n m

K, = (-2X2/D)K (1g)
1 m 1

R, = radius of curvature at nose {1h)

= 1/(d2X/dR2) at X=0

K1 = body curvature at X (11}
= a’r(x )/ax?
m
f = fineness ratio = L/D - {15}

In Equation 1, L is the total vehicle length, R is body radius, D(=2R max) is
body maximum diameter and xm is the axial distance from the nose to the point

of cylindrical tangency.

Boundary layer parameters were calculated using a Thwaites integral
solution for laminar flow adapted from Cebeci and Bradshaw3, programmed on the
NOSC UNIVAC 1100/82 computer in FORTRAN. Three computer programs were re-
quired to complete a test case for each nose (body) shape. Program COORD is
required to calculate and format the body offset and control cards for input
into the axisymmetric potential flow program (HODAPF) developed by McDonnell
Douglas Corporation (Friedmanq). The output of HODAPF is the potential flow

3. Cebeci, T. and Bradshaw, P., Momentum Transfer in Boundary Layers, McGraw-
Hill, 1977, pg. 108,

4, Friedman, D, M., Improved Solution for Potential Flow about Arbitrary
Axisymmetric Bodies by the use of a Higher Order Surface Source Method Part
II, User's Manual for Computer Program, NASA CR 134695, July 1974.
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velocity {or pressure coefficient) as a function of axial position required
for input into program LAMINR which calculates and plots the boundary layer
parameters. Both program COORD and LAMINR require a function subroutine
called RVSX which contains the equation(s} which describe the body shape.

Appendix A shows the program listings and a sample run.

Figure 3 shows the potential flow velocity ratio (Ue/Um) as a function of
axial position (X/L) for a body with a PGG nose (No. 6 in Table 1), cylin-
drical center section and a 2:1 circular arc tail. The quantity U_ is the
freestream velocity (or forward speed) and Ue is the local velocity at the
edge of the boundary layer. Figures 4 and 5 show the calculated boundary
layer parameters for this body. Calculations were stopped at X/L = 0.6 since
disturbances caused by the presence of the vertical thruster at about X/L =
0.5 would preclude any further laminar flow. The dimensionless parameters in

Figures 3 and 4 are defined as:

U L
ReL = length Reynolds no. = m{}- (2)
Ueﬁ*
Rea* = displacement thickness Reynolds no. = S (3}
Uee
Re9 = momentum thickness Reynolds no. = —~ (4)
e2 dUe
STy %)
6*
H = shape factor = ' (6)
o
§* = displacement thickness = d[ (1 - u/Ue)dy (7)
0
o
# = momentum thickness = j[ (u/Ue) (1-u/Ue)dy (8)
0

where v is the fluid kinematic viscosity, s is the surface arc length distance

from the nose, y is the distance normal to the vehicle surface and u is the

14
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Figure 3. Potential flow and body radius versus X/L, for final body shape.

local boundary layer velocity (a function of y). The particular method of
presentation in Figures 3 and 4, make the laminar boundary layer calculations
independent of both vehicle speed and size, such that body shape becomes the

only independent variable, and thus can be easily evaluated.

The criterion used to predict laminar separation for this study was that
separation occurs if the pressure gradient parameter is less than -0.09
(Whites). This corresponds to a maximum boundary layer shape factor, H of
3.55. A summary of the calculated results for ten nose shapes (one hemi-
spherical, two elliptical and seven PGG noses) is presented in Table 1. The
nose shape with the best resistance to laminar separation (No. 6 in Table 1)
is a PGG nose which has a nose radius, Rn of 4/7 Rmax and a nose length, Xm of

3 Rmax (smooth intersection with a cylindrical midbody implies that K {Equa-

1
tion 1i) is equal to zero). For this nose the maximum shape factor H is 2.99

5. White, F. M., Viscous Fluid Flow, McGraw-Hill, 1974, pg. 432 (Eq 5-39),
pg. 316,

15
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Figure 5. Pressure gradient parameter A for final body shape.
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and the minimum pressure gradient parameter A is -0,058, This nose shape is
used on the final fairing design, where Rmax = 9.5 in, (241.3 mm}, Rn = 5,429
in.(137.9 mm) and X, = 28.5 in. (723.9 mm), '

For vehicle speeds above about one knot with the disturbances caused by
the vertical thruster and/or other appendages, turbulent boundary layer flow
will be well developed by the afterbody of the vehicle. This is desirable
since turbulent flow is resistant to flow separation. Flow separation on the
afterbody would cause an area of low pressure to exist which, depending on its
extent, can be the major component of drag of the vehicle. The optimum shape
of the afterbody is a compromise between minimizing the surface area (minimal
frictional drag) and gently fairing the tail to minimize flow separation
(minimal pressure drag). Hoerner6 presents a graph of the experimentally
determined afterbody drag as a function of the length of the tail, when added
to a cylindrical shape. Both rounded and pointed tail shapes were considered,
with the rounded tail having only a slightly lower drag coefficient, The
minimum drag occurred for a tail length/diameter ratio of 2.0. For smooth
shapes with turbulent boundary layer flow, the actual contour of the afterbody
appears to be relatively unimportant as long as flow separation is awvoided.
For this reason a simple circular arc contour with a length/diameter ratio of
2,0 was chosen for the shape of the afterbody, For a body diameter of 19 in.
(482.6 mm) the length of the afterbody becomes 38 in, (965,2 mm) with a con-
stant radius of curvature of about 81 in. (2057 mm) and a tail intersection

half angle of 28°,.

6. Hoerner, Sighard F., Fluid-Dynamic Drag, Published by the author, 1965,
pg- 20-2, Pg. 3_12, Pgu 8—12, m. 7_170
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SECTION 3

VEHICLE STABILITY

The term "controls fixed stability" means that any perturbation from the
mean motion will eventually damp out, without any action from active control
surfaces. For a submersible with a vertical separation (metacentric distance)
between the center of buoyancy and center of gravity, controls fixed stability
in the vertical (pitch) plane implies that the vehicle will return to a path
of constant depth after a disturbance., Stability in the horizontal (yaw)
plane implies that the wehicle will return to a constant heading after a
disturbance. For very slow speed submersibles, pitch stability can be pro-
vided solely by the metacentric restoring moment, However, for higher speeds,
hydrodynamic forces {(proportional to velocity squared) quickly dominate and
some sort of hydrodynamic stabilizers (fins) are required, For a much more
complete explanation of vehicle stability see Arentzen and Mandel7 and/or

Comstocka.

Nomenclature for this section is as follows: the x axis is defined to be
parallel to the axis of the vehicle, the y axis is perpendicular to the ve-
hicle axis in the horizontal plane and the z axis is perpendicular to the
vehicle axis in the vertical plane. Possible motions of a vehicle are the
translations in the x, y and z direction plus the rotations around each axis
designated roll, pitch and yaw which are rotations around the x, y and z axes,
respectively., Considering only pitch stability for the moment, the following
definitions apply: the angle of attack ¢ is measured from the resultant
velocity vector U, to the » axis of the submersible, the angular position from
the horizontal earth axis to the x-axis of hull is designated 8. Angular
velocities about the y-axis are designated 5 and & (dots represent derivatives

with respect to time) and angular acceleration is designated ¥,

7. Arentzen, E, S. and Mandel, P., Naval Architectural Aspects of Submarine
Design, Trans SNAME, 1960.

8., Comstock, J. P., ed. Principles of Naval Architecture, SNAME 1967, Chapter
VIII.

18



Using the shorthand notation common to naval architectural work, the forces on
a submersible in the z direction are designated Z and the moments around the

pitch axis (y-axis) are designated M. Partial derivatives are designated with
. - IM ; : . . ,
subscripts (i.e., Mu = 3;) and dimensionless terms are designated with primes,

From Arentzen and Mandel7 the nondimensionalized force equation in the z

direction is

§
s

{(Z'* = m'")a + Z2'a + (Z'* + m"')0 + 2} &_=0 (9)
a a 8 s

and the moment equation around the y axis is

L ]
LI t Y 1 1e 1 + 1 = 1
(M 5 Iy) ¥+ Mla + M's 8 + My 6 MGSGS o , (10)

where Gs is the stern plane deflection angle, m' is the nondimensional mass,
m/(p/2)L3, I§ is the nondimensional mass moment of inertia about the y-axis,
Iy/(p/Z)LS, p is fluid density and L is vehicle length., With controls fixed,

the terms Z'6 68 and M'6 63 are constants and Equations 9 and 10 combine into
8 s

a third order differential equation with solutions of the form

2
]

a exp(o1t) + o

1 exp(czt) ta, exp(o3t) {11)

2

@
il

8 exp(o1t) + 92 exp(azt) + 8

] exp(c3t) (12)

3

where a and en are constants of integration, Cyr O, and o, are the stability
indices with dimensions of 1/time and t is time., It can be seen from Equa-
tions 11 and 12 that if any real portion of 0 is positive, o and 6 will
increase with time and the motion is unstable., Imaginary values of ¢ imply an
oscillatory motion. Only if all real values of ¢ are negative will a and @

decrease with time, indicating stable motion.

19



Substitution of Equations 11 and 12 into Eguations 9 and 10 produce the

following characteristic equation in g

Ac3 + 302 +Co+D =0 {13)
where

A= (M - 1) (2'5 - m) | (14a)

B= (M'y - 1;{)2& +(z's - m')M'e (14b)

C = Z& M'é - (Z'é + m')M& + (z'& - m')Mé (14c)

D, =z} My . (144d)

The question of vehicle stability reduces to evaluating the ccoefficients A, B,
C and D1, and solving for the roots 01, 02 and 03 of Equation 13,

Evaluation of the coefficients of Equation 13 is complex due to the large
number of force and moment derivatives involved, The equations used for
calculation of these derivatives will be presented here, with little comment
as to the theory of their derivation, The reader is referred to Comstock and
Bottaccini9 for a more complete explanation. 1In the following equations the
subscript h refers to the derivative for the hull only and the subscript f

refers to the appropriate derivative for the fins. Continuing

Iy
b f (D/2)L5
{(p/2)L

9, Bottaccini, M. R., The Stability Coefficients of Standard Torpedoes,
NAVORD Rept. 3346, 1954,
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where Iy and m are the moment of inertia and mass of the vehicle including any
entrained water when submerged. The metacentric moment derivative is (for

small perturbations and 8 in radians)

aM
Me =33 = M,9%, {(17)

where g is the acceleration of gravity, z is the metacentric distance and m
is the in-air mass of the vehicle (assuming 2z, is evaluated not including

entrained water). Also

M
M' =—-—-—--—-9-———- 2 . (18)

3 2
(p/2)L7U_
. .9 ; . .
From Bottaccini , the angle of attack moment derivative for the hull is
M), = (o/2)0°Lin/a)0> [2
)y, = (0/2)UCL(n/4)D [ c 0,k )

2
—{x,/L){0.005f " + 0,96C_ + 5.71 |0.833 - cPI

p
- 0,Mm2 wt)] (19)
where
XB = (L - XCB)(I. - .0111wt) 0.78 (20}
CP = prismatic. ccefficient = displaced volume . (21)

(n/4)02L

k1 and k2 are the theoretical hydrodynamic accession coefficients for ellips-~

oids with fineness ratio f£. Also, in Equation 20 Xop is the distance from the

nose to the centroid of the vehicle wvolume and We is a trailing-edge angle as

defined in Bottaccini. This moment derivative is destabilizing (Ma)h>0);

21



an angle of attack a produces a moment which tends to increase a. From

Comstock the moment derivative for the fins is

aCLf

da

2
Mu)f = —x.(p/2)UL B (22)

where A. is the fin area, x; is the location (from X.p) of the fin center of

pressure and the fin lift coefficient slope (3CLf/3G} is

aC

Lf _ 0.9 (27) AR (23)
da 2 *
cos v AR, 4 0.5 + 1.8
cos ¥

2 .
In Equation 23 AR is the fin aspect ratio ( = span /Af) and y is the fin

sweepback angle. Then

Ma = Ma)h + Ma)f (24)
and
M
M' = “ . (25)
(D/Z)LZUi

A vehicle with large fins where the overturning moment of the hull is
completely balanced by the fins (i.e., Ma<0) is called statically stable,
Generally, most vehicles (i.e., ships, torpedoes, etc.) are not statically
stable, but are dynamically stable due to the influence of dynamic forces
which counteract the hull moment, Static stability is not necessarily

desirable, since large fins are required and turning rates may be slow.

The angle of attack side force derivatives are similar to the moment

derivatives, thus, from Bottaccini

22



2.2 2
za)h = - (p/2){n/4)D"U_ [0.005f° + o.9scp
+ 5.71 |.835 - Cp| - 0.012w,} (26)

and from Comstock

acC
2 Lf

za)f = =(P/2)U_A; —7 (27)
then

Za = Zu)h + Za)f (28)
and

Za
Z2' = ———— . (29)
@ (pr2)1%0?

From Comstock the rotary side force derivatives are

Xg
] = ] —_— gt
Ze)h k1m + L Z ’h (30)

and

' g,
Ze)f L Za)f (31)

where

Z !
a/h
z-)h - (32)

(D/2)L202

23



and

Z
Z )f = (33}

(D/2)L2U2

L]

then
fe — L LK
2z 5 Z e)h + Z e)f R (34)

The rotary moment derivatives are

- b4
x 0
M' e = wm! — — ]
e)h T YL ) Za)h {35)

and

X¢
M'é)f = L_ Z;)f - (36}

The quantity x involves a complex integration procedure and is usually very
small, so for this study it was assumed to be zero. From Comstock the

quantity xO/L is approximately equal to CP/2, then

%)

t e = 1

M 9)h 3 zu)h {37)
and

Also from Comstock

24



. ~ 2
Zu)h = -k,U_(displaced mass) = kyUpCpP (1/4)1D (39)
and
TpbA U
f @
)¢ - - (40)
a/f ((AR)z + 1)0.5

where b is the fin semispan and the other terms have been defined previously.

Then
z3 = Z;)h + z&)f {(41)
and
z.
Zte = _——__EE—_ . (42)
(p/2)L U,

For near elliptical bodies, the acceleration moment derivative for the

hull is
ug)h = k'L (43)

where k' is the Lamb coefficient for accession to inertia in rotation (for
ellipsoids of fineness ratio f) and I is the moment of inertia of the

displaced water, For an ellipsoid

2 2
G -G
I0 = {displaced mass) 5 ' (44)
then for an arbitrary slender body
3 2 (1+ (1 f)2
: LU |
I0 cP L™ (r/4) D"p [ 20 (45)
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for the fins
0 = M-e-)f << Mé-)h {46)

then

M,,
MYy = —9)—}‘? . (47)
{p/2) L
With Equations 15 through 47 the coefficients of Equation 14 can be evaluated

and Equation 13 solved for the stability indices.

Equations 13 and 14 are the equations of motion in the vertical plane.
The equations of motion in the horizontal plane are very similar to Equation
13 except that the term Mé is zero (there is no metacentric moment in the
horizontal plane). This reduces Equation 13 to a second order differential
equation and, of course, the various motion derivatives now apply to the
vertical fins or control surfaces rather than the horizontal fins. The sta-
bility indices in the vertical plane are speed dependent while the stability
indices in the horizontal plane are not, since the term M) varies with speed.

]

At very large speeds, Mé*O and the equations of motion in the vertical plane

became the same as the horizontal plane,

The FORTRAN program COEFF was developed on the NOSC UNIVAC 1100/82 to
calculate the various motion derivatives and the roots of the characteristic
equation (Equation 13), given the geometric characteristics of the wvehicle.

For the fairing and tail fin design of Figure 5, the following characteristics

apply:
L =15.5 ft {(4.724 m)
D = 1,583 ft (0.483 m)
C_ = 0.8715
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w, = 76.2°
X, = 7,111 £t (2,167 m)
A, = 1.667 £t (0.155 m?)
AR = 1,504
y =0.°
b = 0,792 ft (0,241 m)
ch= 7.31 £t (2,228 m} .
For sea water at 40°F
p = 1.9933 slugs/ft3 {1028 kg/m3).
From Comstock for L/D = £ = 9,792
k1 = 0,03 k2 = 0.96 k' = 0.88 .

The in-air mass of the vehicle was estimated to be about 660 1bs with a

metacentric distance of 0.5 ft or

20,497 slugs (299.4 kg)

0.5 ft (.152 m) .

N
]

The mass of the vehicle including entrained water was approximated by assuming
that the volume enclosed by the fairing is neutrally buoyant as was the body
moment of inertia with the additional assumption that the mass was uniformly

distributed. Then
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=4
1

52.86 slugs (772 kg)

, = Io = 829:6 slugs ££2 (1125 kg - m%) .

I

Figure 6 shows the calculated stability roots as a function of speed for
the vehicle with the above physical characteristics. The roots 01 and 03 are
complex conjugates with a negative real part as shown in Figure 6. The root
02 is real and less than zeroc through the speed range. Negative values for

the real parts of 01, 02 and 03 indicate that this vehicle is dynamically

stable in pitch. Stability in the yaw plane was checked by setting M_ equal

]
to zero and assuming that the hydrodynamic characteristics of the vertical

fins are essentially the same as the horizontal fins. For this case o, =

1 L

-0.1693 sec-1 and o, = ~2.663 sec (c3 = 0 since Equation 13 becomes second

order for Me = 0) and are independent of speed. fThus, the vehicle is also

stable in the yaw plane.

00 o., 0, REAL PART
173
-10 -
20k
/
o 0,, 0o IMAGINARY PART
! 3(—ABSOLUTE VALUE)
-30H /
/
/
/
4.0 |
/
I
I
50 ] | 1 ]
0.0 ’ 10 2.0 30 4.0 50

SPEED, knots

Figure 6. Stability roots o versus vehicle speed.
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The calculated nondimensional moment derivative (independent of speed)
for this hull is

-3
M')h = 13.05 x 10

and the nondimensional moment derivative for the fins is

u') = -6.29 x 107>
a/f

Since the quantity M; (= M;)H + M&)f) is greater than zero, this wvehicle is

not statically stable,

As a simple check of the margin of stability of this wvehicle, stability
roots were calculated for cases with smaller fin plan areas (everything else
is the same). For these cases, pitch stability (at 5 knots) disappeared at a
fin area of 0.73 Af and yaw stability disappeared at a fin area of 0.88.Af.
Yaw stability appears to be only marginal considering the number of as-
sumptions involved in the stability calculations. However, the stabilizing
effect of the propeller nozzles was not included in the calculations for yaw

stabjlity, so it is felt that the stability margin in this plane is adequate.
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SECTION 4
VEHICLE DRAG

1 ]
A strong influence on total vehicle drag is the location of laminar to
5 . A
turbulent boundary layer transition. White presents a very simplified

criterion for transition with an experimentally determined correlation

0.08A
Re,, = 2900 (48)
tr
where Reﬁ* is the displacement thickness and Reynolds number at transition
tr

and A is the Pohlhausen pressure gradient parameter. The Pohlhausen pressure
gradient parameter is related to the parameter A (Equation 5 of Section 2) by

the relation

2 2
A= A (37 - A/§1; 5A /144) . (49)

The calculated curve of Rea*ﬁ/ﬁeL of Figure 3 can be used to determine the
approximate location of transition. The criterion is that the flow becomes

turbulent when

Res* 290 0,08A
> 0 e . {50)

ReL / RBL

Figure 7 shows curves of the quantity Re5*4/ReL and the quantity 2900
exp(O.OSA)A/ReL {from Section 2) versus X/L for vehicle speeds of 1,2,3,4 and
5 knots (seawater at 40°F). Using Equation 50 or assuming that laminar flow
cannot exist past X/L = 0.5 results in transition locations versus vehicle

speed as listed in Table 2,
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Figure 7. Reg*//Re and the quantity 2900 exp (0.08A)/v/Rey
for vehicle speeds of 1 to 5 knots.

Speed, Transition Transition
Knots Location Reynolds No.
X/L Rextr
1 0,5 831000
6
2 0.5 1.66 x 10
6
3 0.5 2.49 x 10
6
4 .35 2.33 x 10
. 6
5 0.25 2,08 x 10

Table 2. Transition location.

Turbulent boundary layer skin friction to the point of cylinder-tail body
intersection can be quickly approximated by using the Prandtl-Schlichting skin

friction formula
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c = 0.455 __A
£ 58 Re *

5 {51)
(log10Rex) ) %

This formula is strictly accurate only for flat plates, However, since for
this case, turbulent flow is only being considered on the cylindrical section
of the vehicle and the boundary layer thickness is much less than the vehicle
diameter, Equation 51 seems to be a reasonable approximation. In Equation 51
the variable A is an allowance for the initial length of laminar flow which
varies with transition Reynolds number. Table 3 is reproduced from

. ,_ 10 . . s
Schlichting and shows the variation of A with transition Reynolds number.

Rext A
5
3 x 10 1050
5 x 105 1700
1 x 106 3300
3 x 10° 8700
Table 3. Laminar flow length allowance.

calculation of the skin friction coefficient for speeds from 1 to 5 knots

is shown in Table 4.

Speed, Re ] A Re o) C
knots Xt X f Do
6 -3
1 831000 2800 1.32%10 2.13x10 0.0662
6 6 -3
2 1.66x10 5300 2.64x10 1.74x10 0.0541
6 6 -3
3 2.49x10 7500 3.96x10 1.61x10 00,0500
6 6 -3
4 2.33x10 7000 5.28x10 2.01x10 0.0625
6 6 -3
5 2.08x10 6400 6.59%x10 2.24x10 0.0696

Table 4.

skin friction coefficient.

10, Schlichting, H., Boundary layer Theory, MeGraw-Hill, 7th Ed., 1979, pg.
641, (equation 21.16a}.
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The quantity Cf is the skin friction coefficient based on wetted area (Aw)} a

more convenient drag coefficient (CD ) is based on the frontal area of the
o

vehicle and can be calculated from the following,

C_A
f
c w

. : (52)

o (1r/4)D2
where again D is simply the vehicle maximum diameter.

From Hoerner6 the drag coefficient (based on frontal area) of a pointed
tail with a length/diameter ratio of 2 at a length Reynolds of 10 x 106 is
about 0,038. Approximately one-half of this drag is skin friction and the

other half is pressure drag. Using Equation 51 to estimate the percentage

increase in skin friction on the tail due to the smaller Reynolds number

involved results in afterbody drag coefficient. as listed in Table 5.

Speed, CD
Knots o
1 0.045
2 i 0.0435
3 0.0420
4 0.0405
5 0,039

Table 5. Afterbody drag coefficient.

The frictional drag of the horizontal and vertical fins was estimated
using Equation 51 and assuming totally turbulent flow (thus A = 0). A first
design of the fins had rather wide blunt trailing edge (CD = 0.5, Hoerner) and
preliminary calculations showed that the base (pressure) drag of this design
was about four times greater than skin friction alone. The final design has a
fairing at the trailing edge, thus eliminating most of the base drag. Using

an effective fin length of about 3.2 ft (.97 m), a vertical fin wetted area of
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2 2
4,05 ft2 (0.377 m2) and a horizontal fin wetted area of 4.06 ft~ (0.377 m")
results in the fin drag coefficients in Table 6.
C C
C D D
Speed, Re f' Q, o,
Knots (3.2 ft) eguation 51 vertical horizontal
6 -3
1 .34 x 10 5.51 x 10 .0125 L0125
6 -3
2 .68 x 10 4,81 x 10 .0109 .0109
6 -3
3 1.02 x 10 4,45 x 10 L0101 : L0101
6 -3
4 1.36 x 10 4,25 x 10 .0096 .0096
6 -3
5 1.70 x 10 4,06 x 10 .0092 .0092

Table 6. Fin drag ceoefficients.

The drag coefficients of Table 6 include an allowance for fin-hull inter-

ference drag effects of 10 percent (Hoerner, pp 8-12) of the skin friction.

The drag coefficient for a deep hole in a flat surface based on opening
area is about 0.008 (Hoerner, pp 5-10), The drag coefficient for the vertical

thruster openings (about 8 in. (0.2 m) top and bottom) is then approximately

2
2(n/4)(8) _ 4 408 = 0.0028

c ) =
D
° thruster (n/4)(19)

opening
based on the frontal area of the vehicle.

Assuming the boundary layer flow near the propeller nozzle will be
turbulent, Equation 51 can also be used to calculate the skin friction on the
nozzles. Since to produce thrust the induced velocity near the propellers
must be greater than freestream velocity, an induced velocity of 1.2 U was
somewhat arbitrarily assumed. The wetted surface area of each propeller

nozzle is about 0.96 ft2 (0.086 mz), then .the drag coefficient of the nozzles

is
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(1.2)2 (0.96) (2 nozzles) Cf

: )
D 2
®/nozzles {n/4) (1.583)

where Cf is calculated from Equation 51 and Rey in Equation 51 is based on
nozzle length., Table 7 shows the calculated nozzle drag coefficient as a

function of speed.

iﬁ:::’ ReL)nOZZ le Cf)nOZZ le cDO
1 53600 0.0083 0.01186
2 107200 0.007 0.0099
3 160800 0,00645 0.00%81
4 214400 0.00606 0.0085
5 268000 0.00579 0.0081

Table 7, WNozzle drag coefficient.

As a safety feature, this vehicle is designed with a small amount of
positive buoyancy so that in any event the vehicle will eventually rise to the
surface., At slow speeds constant depth can be maintained only by use of the
vertical thruster; at higher speeds the body can be placed at a small angle of
attack to produce the required downforce, From Hoerner {(pp 7-17) the induced

drag for a slender lifting body (i.e., very low aspect ratio) is

CDi = 0.5 CL tan a (53)

where o is the angle of attack and CL is the lift coefficient of the body

based on planform area. From Equation 29 and the definition of lift

coefficient, then for small a

2
]Z;l al, |Z;I aL
CL = 0.5 w0 - T.95 D (54)

35



where the term 0.95 LD represents the approximate planform area of the

vehicle. .The required angle of attack is approximately

F FB
a = L. (55}
[z | 2 2
o (p/2) U, L” |z}]
where FB is the net buoyancy force, For small angles @ * tan o and
rearranging Equations 53, 54 and 55 results in
0.95LDCDi O.SFE
D 2 2.4 2 2
o hull (7/4)D (p/2)7u, L% 2! | (1/4)D

induced

from the program COEFF, Section 3, the value of IZal is 0.01872, Table 8

shows the calculated values of @ (Equation 55) and Cp for hull-induced drag
o]

(Equation 56) for speeds from 3 to 5 knots for an assumed buoyancy force of 10
lbs., Below about 2.5 knots the required angle of attack becomes excessively

large, indicating that the vertical thruster would have to be used at these

low speeds to maintain depth.

Speed, a, C
D
knots rad. o
3 .0869 .0087
4 .0489 .0027
5 .0313 .0011

Table 8. Hull induced drag coefficient,

Table 9 shows the individual contributions to the total drag coefficient
of each of the components considered in this study. Additionally, an allow-
ance of 15 percent was added to the total drag coefficient to account for the
drag effects of gaps, protuberances, control and/or trim planes (design not
finalized at time of writing} etc., which will all contribute to the total

drag of the vehicle. From Table 9 it can be seen that the drag coefficient
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is a minimum at about 3 knots.

This effect is caused by the laminar-turbulent

transition location moving forward on the cylinder section at higher speeds

and thus exposing more of the wetted surface of that section to higher drag

turbulent flow,

Component Do {based on frontal area)

Speed, knots 1.0 2.0 3.0 4,0 5.0
Nose and Cylinder 0662 0541 0500 .0625 . 0696
Afterbody « 045 «0435 0420 . 0405 .039
Vertical Fin .0125 .0108 | 0101 0096 .0092
Horizontal Fin .0125 0109 i L0101 .0096 i .0092
Vertical Thruster Opening .0028 . 0028 .0028 .0028 5 .0028
Propeller Nozzles 0116 .0099 0091 . 0085 F . 0081
Hull Induced Drag .0087 .0087 .0087 0027 i .0011
Misc. (15%) «024 021 .020 ,0205 i .021
(elevators, joints !
gaps, etc.) ; i
Total »183 l 162 . 153 «157 i « 160

Table 9, Drag contribution of individual components,
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" SECTION 5
PROPULSION

The performance characteristics of propellers can be described by the

performance parameters

K_ = thrust coefficient = T {57)
T 2.4
pn- d
and
K = torque coefficient = —2 (58)
Q 2.5
pn d
which are both a function of
Ua
J = advance ratio = P (59)

The variable T is propeller thrust, p is fluid density, n is propeller shaft
speed, d is propeller diameter, Q is torgue and U, is speed of advance of the

propeller.

The propellers to be used on the submersible have a diameter d of 7.5 in.
(190.5 mm) and an approximate pitch p of 10.6 in., (269 mm) for a pitch ratio
of p/d of 1.41. The approximate blade area ratio (BAR) of these propellers is
0.58. Figure 8 shows the approximate curve of K, versus J for these propel-
lers. This curve was interpolated from GaWn11 from his performance curves of
three bladed propellers with BAR of 0.50 and 0.65 and pitch ratios ranging
from 0.4 to 2.0, Figure 2 is likewise the interpoclated curve of KQ versus J.
These propellers are installed in flow accelerating {(Kort) nozzles which have
the effect of increasing KT {and efficiency) at small values of J and de-

creasing K., at high values of J (the latter effect is due to nozzle drag,

T

11, Gawn, R, W. L., Effect of Pitch and Blade Width on Propeller Performance,
Paper #6, Institution of Naval Architects, September 29, 1952.
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THRUST COEFFICIENT K1 AND EFFICIENCY p

TORQUE COEFFICIENT KQ
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Figure 8. Thrust coefficient K and propeller efficiency np versus advance ratio J,
3 Elade BAR = .58 p/d = 1.41.

016

0.12

0.10

0.08

0.06

0.04

0.02

i i ] | i | | | ] i ] ] | 1

0.00
0.00

010 020 030 040 050 060 070 080 090 100 110 120 130 140 150
ADVANCE RATIO-J

Fi](giure 9. Torque coefficient KQ versus advance ratio J, 3 blade BAR = .58,
pfd=141,
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which was taken into account in the calculation of drag coefficient}). Since
no engineering data exist on' the performance of this particular nozzle design,
the effect of the nozzle was ignored in this analysis. The error involved in
neglecting the nozzle is estimated to be no greater than five percent on the
variables K. and K. (for medium values of J), This could lead to an error in

T Q
calculated maximum speed of about three percent,

The actual thrust produced by propellers is usually required to be some-
what greater than the vehicle drag due to the low préssure exerted on the
vehicle hull by the inflow into propellers., Likewise the flow velocity
experienced by the propellers is usually less than vehicle speed due to the
influence of the wake of the vehicle. These effects are typically accounted
for by the thrust deduction t and the wake fraction w, respectively. These

factors can usually only be determined by tow tank model test. By definition

(for T parallel to drag}

2
Drag = 0.5pU_ cD Ao = T(1=-t) (60)
o]

and

Ua = Um (1‘W) * (61)

For a vehicle with constant drag coefficient and thrust divided equally

between two propellers canted at angle g then

2
0.25 J CD A

o (o]
K = (62)
TP {1-t) d2 cosB (1-w)2

where KTP is the thrust coefficient per propeller.

Linked with propeller performance is the characteristics of the drive
motor. The drive motors are permanent magnet (PM) type rated at 1/4 HP at
1000 RPM, 24 VDC 11,1 amps (Q = 252 oz-in) and a no-load speed of 1655 RPM
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(0.7 amp). Reference 12 indicates that PM type DC motors have very linear
torque-speed and current draw characteristics, such that the motor performance
can be expregsed as
RPM = 1655 - 2,637 Q (oz-in)
or | (63)
n(rps) = 27.58 - 8,438 Q {1lb-ft)
and
current = I = 0,7 + 0.0413 Q (oz-in) (64)
or

I =0,7 + 7.929 0 (1lb-ft) .

The power output and motor efficiency can be derived from Equation 63 and

Equation 64, then
2
horsepower = HP - 0.315 Q - 0,0964 Q {65)
and

9(13.984 - 4,278 Q)
1 +11.32 0

motor efficiency = N, = . (66)

Curves of these equations are plotted in PFigure 10,

12, DC Motors, Speed Controls, Servo Systems, Electro-Craft Corp., 1600 2nd
St., Hopkins, MN 55343, August 1980.
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Figure 10. Motor RPM, power output HP, current Draw I and efficiency 7y, versus torque Q
motor type Minnesota Electric Technology Inc., C32-BB-2, 24 VDC.
For an expected maximum speed of about 5 knots C, = 0.16 (from Table 9)
and using (o}
A = n02/4 = 1,969 £e2 (0.1829 rn2)
d = 0.625 ft (1.1805 m)
B = 15°
t = w= 0.15 (best guess)

then for the present vehicle configuration {(from Equation 62)

2
KTP = 0.340J
which from Figure 8 has a solution at J = 0.902, Kgp = .278. Then from Figure
8, KQ = 0,0605 and from the definition of KQ (Equation 58) and the speed-

torque characteristics of the motor {Equation 63) then
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0.0605 = _92 - - 27.58 - n - -
1.9933 n” 0,625 8,438 (1.9933) n 0.625

which has a positive sclution at n = 12,48 rev/sec (749 RPM). From Equation
63, Q = 1.7895 1b ft (2.426 N-m). From Equation 59

U = Jnd _ 0,902 (12.48) 0.625
©  t-w 1 - .15

8.277 ft/sec

2,523 m/sec

[}

4,9 knots.
The thrust from each propeller can be found from Equation 57

.278 (1.9933) (12.48)2 (.625)%

H
1]
=
=]
o1}
]

13,17 1b (58.58 N).

Since the values of t and w equal to (.15 are only a guess, the above cal-
culations were repeated for t = w = 0,05* to see how big an affect this has on

vehicle performance. For this case

J = ,99

o

n = 13.07 rev/sec (784 RPM)

U = 8.513 ft/sec = 2,595 m/sec = 5,04 knots,.

*The thrust deduction and wake fraction of marine vehicles usually have values
that are almost equal; even though they hoth can be as large as 0.40 for very
full bodied ships.

43



The above values are only slightly different than for t = w = 0.15, which are

probably more realistic values for thrust deduction and wake fraction.

From Equation 57 to Equation 59, it follows that

K

propeller efficiency = n = 5 .

l":;)a ’:gla

For the case where t = w = 0.15
n_ = 0,707
P ]
From Equation 64
I = 14,88 A
and from Equation 65 and Eguation 66

HP = 0.255

0.533.

=
f
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SECTION 6
CONCLUSIONS

The addition of a hydrodynamic fairing to the NOSC free-swimming submer-
sible will significanﬁly increase the top speed of the vehicle to a maximum of
approximately 5 knots. Additionally, since in general power required in-
creases at & rate proportional to vehicle speed cubed (at constant drag
coefficient), the power required to propel the faired vehicle at the present
maximum speed of 1.8 knots will be about 20 times less than on the present
vehicle configuration. Therefore, the design of the nose should provide a
significant portion of low drag laminar flow over the forward part of the
body. This effect will be especially noticeable in the 3 to 4 knot speed
region, The size of the vehicle fins is sufficiently large tc ensure dynamic
stability over the intended speed range, The calculated drag coefficient
(0.16 at 5 knots, based on frontal area) is about as low as could be expected
given the rather harsh hydrodynamic constraint that the vehicle midsection
must be cylindrical. Although a 15 percent "fudge factor” was added to
account for drag of small items (i.e., gaps, protuberances, etc., ad infini-
tum) that could not be accounted for in this report, care needs to be taken in
the detail design and final fabrication such that the predicted low drag per-
formance is achieved, Particular attention should pe paid to the fcllowing

details:

e Rivet and/or screw heads should be flush with the vehicle surface.
This "is particularly important on the forward portion of the
vehicle,

® Gaps, joints and steps should be kept to a minimum. Where
necessary, joints parallel to the flow are better than joints
perpendicular to the flow., Likewise "backward" facing steps are
better than "forward" facing steps.

® An effort should be made to minimize turbulence causing leaks
through unsealed gaps or holes in the fairing. (Leaks can be
caused by the differences between the hydrodynamic pressure on
different points on the body (0.5 psi maximum at 5 knots),)

¢ Avoid sharp corners and blunt trailing edges on any control sur-

faces or appendages. More generally, avoid any shapes from which
the flow will separate causing large increments of pressure drag.
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The existing motor and propeller combination seem to be fairly well matched to

the anticipated vehicle drag and speed. The propellers will be operating near

their peak efficiency (J = 0.902, np = ,707) and the motors near their peak

power {,.255 HP at 749 RPM).
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